A passive all-fibre technique for fibre Bragg grating wavelength shift detection which has been discussed previously is used here for the demodulation of two Bragg sensors placed in a tree topology and addressed in time. The scheme involves a light source with a particular spectral profile that allows the direct tracking of the Bragg wavelength shifts, providing satisfactory resolution over a large dynamic range and a direct application in demultiplexing fibre sensing systems. Experimental results are presented relative to the measurement of static and dynamic strain, as well as temperature.
Introduction
Fibre Bragg grating sensors have proved to be effective for passive optical monitoring of important physical parameters, in particular strain and temperature [1, 2] . The reasons for their use are well known, being essentially based on their intrinsic fibre nature, small size and, of crucial importance, on their wavelength-encoded operation [3] . This last property implies the need for appropriate demodulation schemes able to translate the wavelengthencoded modulation into a corresponding intensity modulation. In this process, merit factors for the demodulation are the sensitivity and dynamic range provided, simplicity, low cost, passive operation and capability for simple integration in multiplexing sensing systems. Naturally, for a particular application a trade off between the above-mentioned properties needs to be established. When fibre Bragg gratings are considered as strain-sensing elements in composite and civil engineering structures, the multiplexing factor assumes primary importance, in consideration of the fact that normally several sensors need to be interrogated simultaneously [4, 5] . In this context, it is highly desirable to have a fibre Bragg grating demodulation scheme with the property of not introducing extra complexity when the operation moves from single to multiple sensor interrogation. Recently, we proposed an all-fibre, passive demodulation technique where the wavelength-intensity transformation is implemented using the edge of an optical source with a smooth spectral profile [6] . The scheme, which can be considered as the minimum configuration for fibre optic Bragg sensing demodulation, when combined with time addressing allows direct demodulation of multiplexed fibre Bragg sensors. In this work, the mentioned combination is demonstrated through time addressing of two fibre Bragg sensors placed in a tree topology.
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Experimental
The experimental set-up is shown in figure 1 . Light from a temperature-stabilized 830 nm pigtailed superluminescent source (Superlum SLD 361/A) with spectral bandwidth (FWHM) of ≈ 20 nm, was collimated and then coupled to a bulk acousto-optic modulator. Light from the first order of the modulator was then launched into the input optical fibre and split by fibre coupler C1 to provide both a reference signal for demultiplexing purposes and illumination of the two fibre Bragg gratings (FBG1, λ B ≈ 837 nm, δλ ≈ 0.4 nm, R ≈ 96%; FBG2, λ B ≈ 837 nm, δλ ≈ 0.6 nm, R ≈ 94%). The Bragg wavelengths of these two fibre Bragg gratings were not far from the spectral region of the optical source with largest slope and maximum linearity (features that happen near the inflection points of the source spectral profile [6] ). To illustrate this, figure 2 shows the light spectrum transmitted through FBG1. A fibre optic delay line of length ≈ 780 m was introduced in the path leading to FBG2. To obtain proper time addressing, a square wave of frequency 65 kHz and duty cycle of ≈ 42% was applied to the Bragg cell. A lock-in amplifier referenced to the modulation frequency was used to read the signals from the two-channel demultiplexer. The operation principle of the demodulation scheme is the same as presented in [6] and can be summarized as follows: a change in temperature or strain applied to each of the fibre Bragg gratings leads to a shift of the corresponding reflected wavelengths, which, in turn, and due to the monotonic behaviour of the source spectral structure, also leads to a change of the power in the reflected shape. Using the demultiplexer to get signals from sensors 1 and 2, and the lock-in amplifier to measure their levels, it is possible to recover the information encoded in the sensors by the measurands (with the temperature stabilized, the spectrum of the optical source used was found to be rather stable; also, near the optical source spectrum inflection points no residual modulation was visible [6] ).
The diffraction efficiency of the Bragg cell to order one was low (≈13%) because it was designed to work in another wavelength range. Therefore, the average power injected into the lead fibre had a small value (≈ 40 µW). To increase the detected power, the coupler C1 was of 10/90 type, with 90% of the input power directed to the network, and the photodetection was performed at port A of coupler C2 (nominal coupling ratio of 1 2 ). Naturally, in a real system the detection should be located at port C of coupler C1. Compared with sensor 1, the optical power returned from sensor 2 was smaller by a factor of ≈ 1 3 , essentially due to the losses in the fibre delay line and associated splices. As can be noticed in figure 1 , no extra hardware is needed to perform the demodulation of the two Bragg sensors. The same can be stated if the number of sensors is larger than two. The reason for this property lies in the fact that the translation wavelength change-intensity change is done intrinsically by the spectral characteristics of the optical source and of the fibre Bragg gratings. Figure 3 shows the relevant signals. Figure 3(a) gives the signal detected at port B (reference signal); (b) shows the electrical signal at the demultiplexer input; (c) and (d ) show the signals at the demultiplexer outputs, which go to the lock-in inputs. The fibre gratings were first submitted to strain over a 1 mε range. Figures 4(a) and (b) show the demodulated signals from sensors 1 and 2, respectively. From the data, the strain sensitivities are ≈ 44 µε Hz −1/2 and ≈ 52 µε Hz −1/2 , respectively. A more exact process of estimating the sensor sensitivity is based on applying a known (157 µε) strain step to them. Figures 5(a) and (b) show the obtained demodulated signals, giving static strain sensitivities of ≈11 µε Hz −1/2 and ≈ 31 µε Hz −1/2 for sensors 1 and 2, respectively. Temperature results over a range of ≈ 200
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• C were also obtained and they are illustrated in figures 6(a) and (b) for sensors 1 and 2, respectively. The corresponding sensitivities are ≈ 7
• C Hz −1/2 and ≈12 • C Hz −1/2 . To estimate the dynamic behaviour of the sensors and crosstalk levels, a sinusoidal strain signal with amplitude of 4.6 µε and frequency of 30 Hz was applied to the sensors. Figure 7(a) shows the output of the two sensors when the above-characterized signal was applied only to sensor 1; figure 7(b) demonstrates the situation where the strain signal was only applied to sensor 2. From the figures the crosstalk level is seen to be below the noise floor. Also, the corresponding sensitivities derived from the obtained data are ≈1.3 µε Hz −1/2 and ≈ 2.9 µε Hz −1/2 . An analysis of the results given in figures 4-6 indicates that the system provides low DC strain and temperature sensitivity. The reasons for this were investigated and it turned out to be essentially due to the low-frequency noise introduced by the acoustooptic modulator; figure 8 illustrates this point. It shows the fluctuation of the optical power prior to the Bragg cell and after the first-order diffracted beam has been injected into the lead fibre (care was taken to ensure an approximately equal level of average optical power in both cases). It was observed that the Bragg cell increases the RMS amplitude of the fluctuations by a factor of ≈ 33. Dedicated acousto-optic modulation design for sensing applications, or implementation of time multiplexing by direct modulation of the optical source, would provide, in a first approximation, an improvement in the obtained sensitivities by the above factor. Also, an additional effective solution would be to reference the two sensor outputs to the signal obtained from the reference channel (port B of coupler C1) [6] .
The fibre Bragg grating demodulation scheme based on the source spectral characteristics is a simple and effective solution to interrogate single and time-multiplexed sensors when high sensitivities for strain and temperature measurement are not required. The proposed configuration is also easily expandable to integrate the combination of time and wavelength addressing. With the optical source utilized, the spectral regions around the two inflection points can safely allocate at least 10 sensors using wavelength addressing and a sensor spectral window of ≈1.2 nm (corresponding to a temperature measurement range of ≈ 200
• C at 830 nm). When combined with time addressing via a proper distribution of fibre delay lines, this number can be increased substantially, a compromise therefore being needed in terms of an acceptable system power budget. This can be optimized if time addressing is implemented through direct modulation of the SLD injection current, because in this situation an all-fibre system can be built, which brings a considerable gain in terms of the system optical power level. Also, the gain in terms of system optical power stability and system reliability would be substantial. To work, the proposed sensing system needs an optical source with a smooth and stable spectrum. The SLD utilized in the experiment Figure 7 . Response of the sensors for applied dynamic strain: (a) output of channels 1 and 2 when the signal is applied only to sensor 1; (b) output of channels 1 and 2 when the signal is applied only to sensor 2.
described fulfils the first condition [6] ; the second condition can be met if the device is temperature stabilized, which is nowadays a standard option. 
Conclusion
In this work, a passive all-fibre technique for fibre Bragg grating wavelength shift detection was used to demodulate two Bragg sensors located in a tree topology and addressed in time. Experimental results were presented relative to the measurement of static and dynamic strain, as well as temperature. They allow us to state that the proposed demodulation scheme is an effective technique for the interrogation of multiplexed fibre Bragg-grating-based sensors, when moderate sensitivities are demanded and when simple, compact and low-cost operation is needed.
